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Abstract 

We study the couplings of a CP-even neutral Higgs boson h in a model containing one scalar 
SU(2)x doublet, one real triplet, and one complex triplet with hypercharge 1. Because the two 
triplets contribute to the p parameter with opposite signs, the triplet vacuum expectation values 
can be sizable. We show that (i) the hWW and hZZ couplings can be larger than the corresponding 
values in the Standard Model, and (ii) the ratio of the WW and ZZ couplings of h can be different 
than the corresponding ratio in the Standard Model. Neither of these results can occur in models 
containing only Higgs doublets. We also compute the rates for gg — )• h — > WW and gg — > h — > ZZ 
and find that, for reasonable parameter values and ~ 140-180 GeV, the hadron collider rate 
for gg — > h — > WW {ZZ) can be up to 20% (5 times) larger than in the Standard Model. We 
discuss implications for Higgs coupling extraction at the LHC. 



* logan@physics. carleton. ca 



1 



I. INTRODUCTION 



The primary purpose of the CERN Large Hadron Collider (LHC) is to shed light on the 
dynamics of electroweak symmetry breaking. In the Standard Model (SM), this involves 
the discovery of the Higgs boson and the measurement of its mass-generating couplings to 
fermions and gauge bosons. Most extensions of the SM contain one or more Higgs-like scalars 
that play a similar role in mass generation; the characterization of such models also involves 
measurement of the couplings of these scalars to the SM fermions and gauge bosons. 



The LH 

modes 



C will be able to measure Higgs signal rates in a variety of production and decay 



especially if the Higgs mass lies in the range 114 GeV < < 200 GeV, 



as suggested by direct searches |3j and electroweak precision data [4|. These signal rate 
measurements will provide access to the combinations of Higgs couplings that determine the 
production cross sections and decay branching ratios involved in each channel. By taking 
ratios of Higgs signal rates with either the production mode or the decay mode in common, 
ratios of Higgs couplings-squared can be found with no model-dependent assumptions {slE]]. 

Unfolding the individual Higgs couplings from these rate measurements, however, is a 
major challenge. The main difficulty lies in the fact that the LHC will not provide an 
absolute Higgs production cross section measurement in any channel. Together with the 
possible presence of undetectable Higgs decay modes (e.g., h — > gg or decays into light 
quarks), this leads to a degeneracy in the Higgs coupling fit corresponding to increasing all 
production couplings by a common factor while simultaneously decreasing the detectable 
branching fractions by the same factor. This forces the adoption of theoretical assumptions 
in Higgs coupling fits. Analyses of LHC Higgs coupling extraction prospects have dealt with 
this difficulty either by assuming that the total Higgs width is dominated by the known SM 
decay modes Q], or by assuming that the couplings of the Higgs to WW and ZZ are 
bounded from above by their SM values [l-^] (the latter analyses make the simultaneous 
assumption that the ratio of the hWW and hZZ couplings is the same as in the SM). The 
latter approach allows the total width of the Higgs to be bounded from above by a rate 
measurement in a channel with Higgs production and decay via the hWW or hZZ coupling 
(e.g., weak boson fusion with h — > WW). These two assumptions about the hWW and hZZ 
couplings are valid in any Higgs sector that contains only SU(2)^ doublets and/or singlets. 
Larger SU(2) L multiplets are usually considered unimportant because their contribution to 



the hWW and hZZ couplings are generally tightly constrained by the experimental limits 
on the p parameter. 

In this paper we explore the possibility that these assumptions about the hWW and hZZ 

couplings are violated. To do so, we need a model with at least one Higgs doublet (required 

to generate fermion masses), together with at least one larger SU(2)^ representation (to give 

rise to group-theoretic coefficients in the hWW and hZZ couplings different from those of 

a doublet). Because the couplings of interest arise from quartic terms in the Lagrangian in 

which one scalar field is replaced by its vacuum expectation value (vev), we need the vev(s) 

of the larger SU(2) L multiplet(s) to be non-negligible. 

To this end we study a model containing one Higgs doublet and two triplets first intro- 

I 

duced by Georgi and Machacek [10!] . One triplet is real with hypercharge zero while the other 
is complex with hypercharge l|j Because these two triplets contribute to the p parameter 
with opposite sign, their vevs need not be small so long as they are chosen such that their 
contributions to p cancel; this is achieved naturally by imposing a global "custodial" SU(2) 
symmetry 10Ml4|. (The required global symmetry is however broken by hypercharge, so it 
is no longer exact once radiative corrections are included 13|.) The model contains three 
CP-even neutral scalars. We study one of these states, which we call h and parameterize as 
a general mixture of the three weak eigenstates. We find that the hWW and hZZ couplings 
can be significantly larger than their SM values, and that the ratio of these couplings can 
be significantly different from the ratio in the SM. 

This paper is organized as follows. In the next section we summarize the model and 
present general expressions for the couplings of interest. In Sec. II I II we study the range of 
hWW and hZZ couplings allowed in the model, subject to experimental constraints that 
set a lower bound on the doublet vev. We also consider the impact on Higgs production 
and decay in two of the most promising early Higgs discovery channels at the LHC, gg — > 
h — > WW and gg — >■ h — >■ ZZ. In particular, we find that the gg — )■ h — >■ ZZ rate can be 
significantly enhanced compared to that in the SM, due to a suppression of the h — >■ WW 
branching fraction in some parts of parameter space without a simultaneous suppression of 
h —7- ZZ. In Sec. IIVI we discuss ways to experimentally determine whether the hZZ and 
hWW couplings have the same ratio as in the SM and whether these couplings are larger 
than their SM values. In Sec. |V]we summarize our conclusions. Some computational details 
1 We use the convention that the hypercharge of the SM Higgs doublet is 1/2. 
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are given in the appendices. 



II. THE MODEL 



The Georgi-Machacek model [10( contains a complex SU(2)x scalar doublet $ with hy- 
percharge Y = Q — T 3 = 1/2, a real triplet S with Y = 0, and a complex triplet X with 
Y — 1, with components and vevs denoted by 
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Starting from the canonically normalized covariant derivative terms in the scalar Lagrangian, 
we obtain the W and Z boson masses and their couplings to the CP-even neutral scalars as 
follows: 

1 
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where g and (/ are the SU(2)l and U(l)y gauge couplings of the SM, respectively. The 
covariant derivative and the SU(2) generators for the triplet representation are given in 
Appendix [XI The squared masses of the W and Z bosons are then given by 



M 2 W 



(v 2 + 4v} + 2v 2 x ) = 



where we define u| M = + 4u| + 2v 2 ~ (246 GeV) 2 . 

The different form of the triplet contributions to the W and Z masses results in a tree-level 
p parameter different from 1, 
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g 2 + at 2 , 2 , „ 2^ 
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= 1 + Ap, 



(4) 



where we used the definition cos 6\y = gj \/ g 2 + g' 2 . The p parameter also receives radiative 
corrections in the SM from isospin violation, depending mostly on the top quark and SM 



Higgs masses. After separating out the SM contributions, the constraint on new sources of 



15| 



SU(2) breaking is given at the 2a level by 

Ap = 4tf x KT 4 (2a constraint). (5) 

This leads to the requirement ~ v x /y/2 to high precision. This relation can be enforced by 
imposing an SU(2)r global symmetry on the Higgs potential, resulting in a residual global 
"custodial" SU(2) symmetry — the diagonal subgroup of SU(2) L x SU(2) R — after electroweak 



symmetry breaking 1CH12|. The SU(2)# global symmetry is broken by hypercharge (for the 



scalars, hypercharge corresponds to the T 3 generator of SU(2)_r), so that SU(2)#- violating 
counterterms must be introduced at one-loop level jl3| . Nevertheless, if the scale where 
SU(2)# is a good symmetry is not too high, the approximate global symmetry protects the 
p parameter and has been used, e.g-^Jo control the effects of triplets on electroweak precision 



observables in little Higgs models 16]. 



The imposition of custodial SU(2) on the Higgs potential results in Higgs mass eigen- 
states after electroweak symmetry breaking that lie in multiplets of the custodial SU(2) 
with common masses [h]]. In particular, the physical states form two singlets H® and Hf , 
a 3-plet Hp°~, and a 5-plet H^ + ' +,Q '~' under custodial SU(2), with the CP-even neutral 
states given by [h]] 

fl? = ^', F 1 °' = -^(^ + v / 2x°' r ), H° = ^=(V2e~X°n- (6) 

If the custodial SU(2) is exact, the two singlets H® and can mix, but H® must be a mass 
eigenstate. 

In this framewo rk, the couplings of the CP-even neutral states to W, Z, and fermion 
pairs are given by [lO, H] 

1 

9H°ff = — > 

9 H °'ff = 0, 

9H°ff = 0, (7) 
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where we define cos Oh = ch = v^/vsu, s h = a/1 — c 2 H , and the barred couplings are 
normalized to the corresponding SM Higgs couplings, g hxx = g hxx / 9h sm xx- 

In this paper we relax the assumption of custodial SU(2) in the Higgs potential. We still 
require that ~ v x j \/2 in order to obey the constraint on the p parameter, but we allow 



arbitrary mixing of the three CP-even neutral Higgs states. This is a fine-tuned situation, 
but it allows us to illustrate the full range of couplings allowed by experimental constraints. 
We will also present results for custodial SU(2)-preserving mixing. The most general gauge- 
invariant Higgs potential (without custodial SU(2)) is given in Appendix [BJ where we show 
that enough parameter freedom exists to allow arbitrary mixing even after the vevs are fixed 
as above. 

The doublet and triplet vevs can be parameterized in terms of Vsm, ch, and Ap according 

to 
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(8) 



We consider two parameterizations of the mixing among the three neutral states. First, 
we parameterize the CP-even neutral Higgs state h of interest as 



h = a(fP> r + bf + cx°' r , 

where a 2 + b 2 + c 2 = lj 2 ! The couplings of h are then given by 

aVtf, + ibv^ + 2cv x _ av^ + 4cv x 



9hWW 



9hzz 



9hff 



av S M 



VSM V SM 

In the limit Ap — > 0, the hWW and hZZ couplings can be written as 
9hww = acn + (V2b + c)s H , g hZ z = ac H + 2cs H . 
As a second parameterization we can write 

h = cos (cos 9 H° + sin 9 H?) + sin # 5 C 



a 

ch' 



[° 

'5 J 



(9) 



(10) 



(11) 



(12) 



where 9 parameterizes the mixing between the two custodial SU(2) singlets and parame- 
terizes the mixing between the custodial SU(2) singlets and the 5-plet. These mixing angles 
are related to a, b, and c above by 



a = cos cos 9, 



1 /2 
b = —= cos sin 9 + \ - sin . 

\/3 V 3 



12 1 
<- \/-cos0sin# — sin0. (13) 



2 In this notation, iff, H$' , and H% correspond to (a,b,c) = (1,0,0), (0, \/2/3), and 

(0, ^2/3,-^/1/3), respectively. 
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In the limit Ap = we have for the couplings, 

2y/2 1 

9hww — cos cos Q c h + cos (f) sin 6 — -=sh + sin (J)—=sh, 

v3 \/3 

2V2 2 
9hzz = cos (f) cos 8 ch + cos sin 6* — — sin <J)—=sh, 

v3 v 3 

g~hff = cos cos 9 — . (14) 
ch 

Though less compact, this second parameterization will be more useful for our analysis. 
We note in particular that when sin </> = 0, h is a mixture of custodial SU(2) singlets only, 
and g hW w = 9hzz = Qhvv- For sin</> = we have, 

2y/2 . . 

9hvv = cos6 ch + sm6—=s H - (15) 

v3 

This coupling reaches a maximum value of 



gtrv^f—^- when anff^ = ^-^-. (16) 

III. NUMERICAL RESULTS 

Imposing Ap = 0, the largest hWW and hZZ couplings occur when = and v x = 
\/2v£ = i>sm/2- This yields coupling maxima of g^ww — for h = ^J^^ + ^X°' r \ f° r 
which (jhzz = 2j\f?>\ and gnzz = 2 for h = x°' r ; f° r which ghww — 1- This situation is 
clearly unrealistic, however, because a nonzero value of v$ is needed to generate fermion 
masses. This leads to a lower bound on ch (equivalently v^) from processes that constrain 
the top quark Yukawa coupling in multi-Higgs-doublet models. In particular, the bb fraction 
in hadronic Z decays, R^, was studied in the Georgi-Machacek model in Ref. |17 |. For a 
custodial SU(2)-symmetric spectrum, Hf contributes to R), at one-loop level and leads to 
the constraint c H > 0.9 (0.6) for M 3 = 100 (1000) GeV. If mixing between Hf and Hf is 
allowed, new contributions arise that can have either sign. In what follows we plot results 
for ch = 0.9 and 0.95 as reasonable values. We also show the h couplings to WW and ZZ 
with ch = 0.6 as an extreme case. 

A. Higgs couplings 

When plotted against each other for a fixed value of ch, the expressions for gnww an d 
c/hzz given in Eqs. ffTTj) and ( III"]) describe a filled ellipse centered at the origin as shown in 



-1.5 -1 -0.5 0.5 1 1.5 -1.5 -1 -0.5 0.5 1 1.5 -1.5 -1 -0.5 0.5 1 1.5 

HWW 



FIG. 1. Normalized Higgs couplings gnzz versus gnww for a mixed state h in the Georgi-Machacek 
model, for ch = 0.6, 0.9, and 0.95 (left to right). We sampled both signs for a, b, and c in Eq. (jlip . 
Points corresponding to a mixture of Hf and Hf lie along the diagonal gnww = 9hzz- H® is 
indicated by the crossed circle on the lower right boundary of the ellipse. 



Fig. CD The ellipse is bounded by a curve corresponding to 6 = 6* max as defined in Eq. (JT6 
and given parametrically by 



/ 8-54 . s H 
Uhww - co*<>\l - hsm0— , 

, /8 - hc\ . 2s H 
9hzz = cos 0y sm0— =-. (17) 

The bounding ellipse can be conveniently expressed by defining g± = (g~hzz ± 9kww) I V^j 
we then obtain 

3 2 1 (n-7c^) 2 

1 " 2(8- 5<? H ) 9+ " (8-5^)^- + 2^(8- 5^) (18) 

Note that this ellipse is not oriented along the diagonal (jhww = guzz-, but instead has its 
semimajor axis tilted at a small angle (p above the diagonal, where 

tan2 ^=2(TT4)- (19) 

In the custodial SU(2)-symmetric case, H® must be a mass eigenstate but H® and H® can 
mix. Points corresponding to h = cos 9H® + smOH®' fall along the diagonal, (jhww = Qhzz- 
The normalized couplings of H® are given in Tablefl] In particular, g^zz = ~^9h°ww- The 
h = H® point falls on the boundary of the ellipses in Fig. [TJ marked with a crossed circle. 



ch 


9h9ww 


9h°zz 


0.6 


0.462 


-0.924 


0.9 


0.252 


-0.503 


0.95 


0.180 


-0.361 



TABLE I. Normalized couplings of H% to WW and ZZ for various values of ch- 
B. Higgs production and decay rates 

We now compute the rates for gg — >■ h — )■ WW and gg —¥ h —¥ ZZ , normalized to 

their SM values. In the SM, these processes constitute the most promising discovery modes 

for an intermediate-mass Higgs. Our calculation is valid for any hadron collider, because 

dependence on the initial-state parton densities and collider center-of-mass energy cancel in 

the ratio with the SM rate. We assume throughout that the narrow-width approximation 

can be applied. For VV = WW or ZZ we have, 

I .^^T/l/W _ o(gg^h^VV) a(gg -> ft) BR(ft -> VV) 
o(gg -> ft -» W)/,*, = ^ = (20) 

The gg — >■ /i production process proceeds through the coupling of /i to a fermion loop and 
is dominated in the SM by the top quark contribution. Because all fermion couplings are 
scaled by the same factor g^ff in the Georgi-Machacek model, we havejf] 

tuff (21) 



<r{gg -> h ) _ ,i 



To compute the decay branching ratios in the Georgi-Machacek model, we start with the 
partial widths of the SM Higgs of the same mass, computed using the public FORTRAN 



19) . The corresponding partial widths of h are computed as 



code HDECAY version 3.531 
follows: 

r(h -> ww) = g 2 hWW r SM (H -> ww), r(h zz) = f hzz r SM (H -> zz) 

r(A -> //") = g 2 hff r S M(H -> //), r(A -> = g 2 hff r SM {H (22) 



3 At two-loop order, there are electroweak contributions to the gg ^ h amplitude in which /i couples to 
or inside the loop, which should instead be scaled by QhWW or ghzz x respectively. In the SM, 



these contributions result in a 5-6% positive correction to the cross section [18| . Ignoring their different 
coupling dependence thus results in an error of order 0.06 ghff(ghff — ghww,hzz) on the right-hand side 
of Eq. ([21]). 
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FIG. 2. The rate for gg — » h — ^ WW normalized to its SM value plotted as a function oig^ ww , for 
Mh = 140, 160 and 180 GeV (left to right), with ch = 0.9. The solid line shows points for which 
h = cos + sin OH®' and the crossed circle near the origin indicates the point corresponding to 
H®. The dashed horizontal line shows the Tevatron upper limit on the rate for gg — )• h — > WW 
for the corresponding Higgs mass from Ref. [20]. 

where // refers to any fermion pair. The remaining partial widths, T(h — > 77) and T(h — > 
jZ), constitute a very small portion of the h total width; for simplicity we ignore the 
corrections to these modes and instead take them equal to the corresponding SM Higgs 
widths^ The branching ratios of h are then given by taking the ratio of the relevant partial 
width to the h total width. 

We plot a(gg WW)/a S u in Figs.EHSland a(gg ZZ)/a SM in Figs.EHHl We 

show results for M h = 140, 160, and 180 GeV and ch = 0.9 and 0.95. The points correspond 
to a general mixed state h, while the solid line shows the custodial SU(2)-preserving mixture 
h = cos 9 H ° + sin9H®'. For h = H®, the gg h cross section is zero because H® does not 
couple to fermions; this is shown in the plots by a crossed circle. 

The rate for gg — >■ h — >■ WW can be enhanced by up to about 20% (10%) compared to 
the corresponding SM rate for c# = 0.9 (0.95), as shown in Table UTI The enhancement is 
due to an interplay between the production and decay couplings. For ch = 0.9 (0.95), the 
gg —¥ h production cross section is about 1.23a 2 (1.11a 2 ) times its SM value, for a defined 
in Eq. (|9]). The branching ratio for h — > WW depends mainly on competition between the 
h — > WW and h — >■ 66 partial widths, especially for lower Higgs masses. 

4 The error introduced by this assumption in the h branching ratio calculation is at the level of 10 -3 (1 — 
9hff,h\vw)- 
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FIG. 3. As in Fig. but for c H = 0.95. 



0.4 

0.2 





c H =0.9 
M =140GeV- 



s 

s 

T 



excluded by Tevatron 




0.2 0.4 0.6 0.8 

a 2 /a SM2 

WhZZ '^HZZ 



0.4 




0.2 0.4 0.6 0.8 



FIG. 4. The rate for gg — > /i — )■ VFVl^ normalized to its SM value plotted as a function of g\zzi f° r 
M/j = 140, 160 and 180 GeV (left to right), with ch = 0.9. The solid line shows points for which 
h = cos 0H® + sin 0H®' and the crossed circle at the lower edge of the allowed region indicates the 
point corresponding to H® . The dashed horizontal line shows the Tevatron upper limit on the rate 



for gg — > h — > WW for the corresponding Higgs mass from Ref. 



20] 




excluded by Tevatron 





FIG. 5. As in Fig. H but for c H = 0.95. 
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FIG. 6. The rate for gg — > h — >■ ZZ normalized to its SM value plotted as a function of ff^wwj f° r 
M/j = 140, 160, and 180 GeV (left to right), with ch = 0.9. The solid line shows points for which 
h = cos 9H° + sin 9 Hi' and the crossed circle near the origin indicates the point corresponding to 
H® . Points excluded by the Tevatron in Figs. [2] and H] are not shown, leading to the gap in the 
solid line for M h = 160 GeV. 



c H =0.95 
M h =U0GeV 




c H =0.95 
M h =160GeV 




c H =0.95 
M„=180GeV 




FIG. 7. As in Fig. ©but for c H = 0.95. 

For ch = 0.9 and = 160 GeV, the rate for gg — )■ h — >■ WW can be enhanced enough 
to exceed the current limit on this cross section from the Tevatron {20)], f| Our calculation of 
the upper limit is given in Table IIHI Points excluded by the Tevatron are not shown in the 
plots of gg -> h -> ZZ in Figs. EHS1 

The rate for gg — > h — >■ can be enhanced much more dramatically, by more than a 
factor of 5 (3) for = 180 (160) GeV and ch = 0.9. Details are given in Table HVl This 



Note that the Tevatron analysis in Ref. [20| selected specifically for the gg —> H — > WW process, and 
is not a combination of multiple SM Higgs search channels. The resulting cross section limits are thus 
directly applicable to the gg — >• h — >• WW rates found here. 
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FIG. 8. The rate for gg — > h — >• ZZ normalized to its SM value plotted as a function of g^zzi ^ or 
M/j = 140, 160, and 180 GeV (left to right), with ch = 0.9. The solid line shows points for which 
h = cos OH® + sinOH®' and the crossed circle at the lower edge of the allowed region indicates 
the point corresponding to H®. Points excluded by the Tevatron in Figs. [2] and |4] are not shown, 
leading to the gap in the solid line for = 160 GeV. 




FIG. 9. As in Fig. E but for c H = 0.95. 



large enhancement occurs when the hWW coupling is near zero but the hZZ coupling is 
non-negligible, as can be seen by comparing Figs. EH7] and Figs. EHS This suppresses the 
dominant Higgs partial width to WW, resulting in BR(/i — > ZZ) close to 1 for the heavier 
masses. Clearly, this can only happen if guww 7^ QhZZi so it requires mixing between 
and the custodial SU(2)-singlet states. This would lead to an early LHC discovery of such a 
Higgs in the "golden mode," h — > ZZ — > 4 leptons, while the h — > WW signal (which would 
provide the first discovery in the SM) would be absent or very suppressed. 

If h = cosdH® + sin6H®', the enhancement in the ZZ channel is limited to about 20% 
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Maximum of cr(gg — > h — > WW) / ct^m 



CH 


M h [GeV] 


Overall 


h ~ il", ilf 




140 


1.1581 


1.1352 


0.9 


160 


1.2085 


1.2056 




180 


1.2327 


1.2296 




140 


1.0777 


1.0656 


0.95 


160 


1.0971 


1.0962 




180 


1.1069 


1.1061 



TABLE II. Maximum values of a(gg -»• /t -»■ WW) /am for c# = 0.9 and 0.95 and M h = 140, 160, 
and 180 GeV. The third column gives the maximum cross section enhancement obtainable when h 
is any linear combination of H®, H®', and H®, while the fourth column gives the maximum when 
h is a linear combination of only H® and Hf. 



M h = 140 GeV 160 GeV 180 GeV 



crsM(gg -»• JET) [18] 0.680 pb 0.434 pb 0.279 pb 
BR SM (# -> WW) [12] 0.4916 0.9048 0.9325 

Tevatron upper limit on a(gg -> /i -> WW) [20] 1.29 pb 0.47 pb 0.41 pb 
Upper limit on <r( 55 -> h -»■ IfW)/^ 3.86 1.20 1.58 

TABLE III. The gg ^ H cross section and -ff — >• WW branching fraction in the SM, Tevatron 
upper limit on the gg — >■ /i — > WW cross section, and resulting upper limit on the cross section 
normalized to its SM value, for = 140, 160, and 180 GeV. The uncertainty on asM.(gg — > H) 



from the parton density functions is ±8-10% 
value for our limit. 



181 ]; here we have taken the cross section central 



(10%) for ch = 0.9 (0.95). Note that when h = cosdH® + sin^iff', the enhancement in the 
WW and ZZ channels is identical, i.e., a(gg — > h — > WW) j ctsm = ®{gg — >• h — > ZZ)/a§M- 
Such an enhancement would lead to a marginally earlier discovery of h in both channels at 
the LHC For ch = 0.95, however, the enhancement is about the same size as the current 
uncertainty in <7su{gg — >■ H) from the parton density functions jl8 ]. 
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Maximum of a{gg — >■ h — > ZZ)/asM 





M h [GeV] 


Overall 


h ~ JEfjJ, 




140 


1.5068 


1.1356 


0.9 


160 


3.6616 


1.1978 




180 


5.7291 


1.2297 




140 


1.2507 


1.0659 


0.95 


160 


1.9716 


1.0962 




180 


3.0156 


1.1061 



TABLE IV. As in Table [U but for a{gg -»■ h -> ZZ)/<7 S M- 
IV. HIGGS COUPLING EXTRACTION AND THE TRIPLET NATURE OF /i 

In models containing only Higgs doublets and singlets, the hVV couplings satisfy 

9hww — 9hzz = Qkvv-, \~9hvv\ — 1- (23) 



These relations are assumed to hold in the Higgs coupling fits of Refs. [7H9[]; however, both 
of them are violated in the Georgi-Machacek model. 

The relation (jhww = (jhzz is easy to test by taking the ratio of any two Higgs signal 
rates with the same production mechanism and decays to WW and ZZ, respectively: 

a(X -> h -> WW)/a SM (X ^h^ WW) = m) 
a(X^h-+ZZ)/cr SM (X^h^ZZ) g 2 hzz ' 1 } 

Determining whether (jhvv is greater than 1 is more complicated, and is not always 
possible at the LHC. The approach is as follows. One of the key ingredients in the Higgs 
coupling fits is the measurement of the rate for Higgs production in vector boson fusion 
(WW, ZZ — > h) followed by decay to WW. This rate can be written as 

ct(VBF ->■ h ->■ WW) = cr(VBF -> h) BR(h -> WW). (25) 

The usual Higgs coupling fit involves assuming that cr(VBF — > h) is no larger than its SM 
value, i.e., a max (VBF — > h) = o"sm(VBF — > H). Together with the rate measurement, this 
sets a lower bound on BR(/i — > WW): 

BR ml "(ft -¥ WW) = — — (26) 
v ; a max (VBF -> h) K J 
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If the assumption that a(VBF — > h) < o"sm(VBF — > H) is false, the resulting value of 

BR mm (/i — y WW) can be greater than one, which is clearly unphysical. In particular, for 

Ch = 0.9 (0.95), we find that cr(VBF — > h) can be as much as 31% (16%) larger than in 

the SM. An unphysical BR mm (/i — > WW) would then be obtained using Eq. f[2"6"j) if the true 

value of BR(/i — > WW) is greater than 0.76 (0.86), which is true in the SM for Mh in the 

range 154-192 GeV (159-184 GeV). 

This range can be extended by considering Higgs decays to other final states as follows. 

If the Higgs is detectable in the WW final state and some other final state {ZZ, tt, etc.) 

via a common production mechanism, we can write 

BR(/i ZZ) a{X ^h^ZZ) BR(/i ->• tt) a{X ->• h ->• tt) 



(27) 



(28) 



BR(h^WW) a(X ->• WW) ' BR(h -> WW) a(X ->• h -> WW)'' 
etc. The total branching fraction of the Higgs to detected modes is then given by 

BK( ft . det e Cted , - BR(h . W W) [, + + 

If inserting BR mm (/z — > WW) from Eq. ( 126|) on the right-hand side yields a value of BR(/i — > 
detected) greater than 1, then we can conclude that the assumption that <r(VBF — > h) < 
a SM (VBF H) is false. 

If the detectable branching fraction of the Higgs is sufficiently small, the technique dis- 
cussed above will fail. In that case, detection of the triplet nature of h at the LHC would 
rely on the discovery of additional Higgs states. Search prospects at the LHC for single 
production of x ++ with decays to H /+ H A+ were studied in Refs. 2 
duction of x ++ X again with decays to like- sign W bosons in Ref. 



221, and for pair pro- 



23| rl Single production 



of H£ = (y+ — £ + )/a/2 through W + Z fusion with decays back to W + Z was also studied in 



Refs. 



22 



24]. 



We note that the technique discussed here can yield only a lower bound on cr(VBF — > h). 
Furthermore, removing the SM assumption that <r(VBF — > h) < (Xsm(VBF — > H) reopens 
the parameter degeneracy in the Higgs coupling fit discussed in the introduction. While 
ratios of Higgs couplings would still be measurable at the LHC, knowledge of absolute 
Higgs couplings would have to wait for direct model-independent measurements at an e + e~ 



collider 



25L 



6 Reference 



231 ] also considered x ++ decays to like-sign charged leptons via lepton-number- violating Yukawa 



couplings that could be responsible for neutrino masses. For the triplet vevs that we consider here, v x = 54 
(38) GeV for cr = 0.9 (0.95), such Yukawa couplings would be of order 10 -11 and dilepton decays would 
be totally negligible. 
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V. CONCLUSIONS 



We studied the couplings of a CP-even neutral Higgs state h in the Georgi-Machacek 
model with Higgs triplets. We found that the effect of the triplet components of h on its 
couplings to WW and ZZ can be significant, even for relatively small triplet vevs consistent 
with the experimental upper bounds on the top quark Yukawa coupling. 

If h is a mixture of only custodial SU(2) singlets, the hWW and hZZ couplings can be 
enhanced by up to 15% (8%) for ch = 0.9 (0.95), but the ratio of these couplings is the same 
as in the SM. If h is a generic mixture of the CP-even neutral states, the ratio of its WW 
and ZZ couplings can be very different than in the SM; in fact, one of these couplings can 
be zero while the other is finite. Such a suppression of the hWW coupling while the hZZ 
coupling is nonzero can lead to large enhancements in the rate for gg — > h — >■ ZZ, especially 
for M h > 160 GeV where the SM Higgs width is dominated by decays to WW. 

While a ratio of hWW and hZZ couplings different than in the SM would be easy to 
measure by taking ratios of rates in these channels, an overall enhancement in the hVV 
coupling could only be detected at the LHC if it leads to a rate in vector boson fusion with 
decays to WW too large to be consistent with the SM assumption for this coupling. 
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Appendix A: Covariant derivative and SU(2) generators for triplets 



The gauge- covariant derivative in Eq. ([2]) is given by 

V, = d, + igT a W; + ig'YB^. (Al) 

The SU(2) generators for a doublet representation are given by T a = cr a /2, where a a are the 
2x2 Pauli matrices. The SU(2) generators for a triplet representation are 

( -i \ 

1 



^010* 



T 1 



V2 



1 1 
1 



T 



V2 



-i 
% -i 
i 



^ 1 ^ 




0-1 



(A2) 
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Appendix B: Scalar potential and mass matrix 



Reference [l3[ presented the most general gauge-invariant scalar potential for this model 
containing only terms with an even number of fields. While not completely general, this 
restricted potential captures most of the physics [ll|. In our notation it is, 



V even = /i 2 $ f $ + fj*X*X + fil^E 

+A 1 ($ t $) 2 + X 2 \X T CX\ 2 + A 3 ($ t T a $)(X t T a X) 

+A 4 [{&T a $ c )(E*T a X) + h.c] + A 5 ($ t $)(X t X) + A 6 ($ t $)(S t S) 

+A 7 (XtX) 2 + A 8 (~t~) 2 + A 9 |XtH| 2 + X 10 (E tf E)(X^X), (Bl) 



where Aj are dimensionless and /z 2 have dimension mass squared. Here $ c = ia 2 ^* and 



C 



( 



\ 



1 \ 
0-10 

1 y 



(B2) 



is the conjugation operator for the triplet fields such that X c = CX* transforms as a triplet 
of SU(2). 

We add the most general gauge-invariant set of trilinear terms, 



Krili 



trilinear 



K 1 [{&T a $ c )X a + h.c] + K 2 (&T a <S>)E a + K 3 X* a (ie abc X b E c ), 



(B3) 



where have dimensions of mass and e abc is the totally antisymmetric tensor. 
Minimizing the potential allows us to eliminate /i 2 in favor of the scalar vevs: 



As Ac 



H X = - KlVx + k 2 — - \ x v^ - — + — )v x - \ 4 V x Vt: - A 6 ^ 



i4 



2 v x 



As Af 



• •:■! \ 2 \ V 4> V t \ 2 \ 2 



J x 

,2 



^ = ^2— + k 3 — - A 4 — - A 6 - - 2A 8 ^ - Aio- 



(B4) 



4u f 2 ? 2 

Applying these minimization conditions, the quadratic terms in the potential involving CP- 
even neutral fields are, 



V, 



m z terms 



2 2 

ki-^- - A 4 - h X r u 
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+(e ) 2 



2 9 2 

« 2 ^- + «37 2L -A 4 -f^+4A 8 t;? 
8t>£ 4t>g s 



6 w x + A 4 V0^ 



(B5) 



Rewriting the fields in the H®, H®', H® basis given in Eq. (jSJ), using the notation of Eq. (jSJ) 
for the vevs, and setting Ap = 0, we obtain 



terms — ^SM 



+(^ 1 0/ ) 2 

+ (^5°) 2 



+H° 1 'H° 5 



(2\/2/ci — « 2 ) c 



^SM 



^3 «H , 

/— F= t A4 p= + I A7 -+- Ag + A10)— r - 

QV2s H v SM 4V2 3V2 6 



(«i - v^2k 2 ) 4 k 3 s ff 34 4 

^sm 6sj/ t>sM2V2 4V2 12 

(g^l^g) ^ + (A 3 + 2v T 2X4 + 2As + 2Ae) ^ 
wsm 2^ 2^ 

(\/2«i + « 2 ) c ff 



\/6 



+ (-A 3 + ^4 - 2A 5 + 4A 6 



(a/2/?! + « 2 ) c 



u +(-2A 7 + 4A 8 + A 10 ) 



(B6) 



i'su 3s H v - - 
The last two terms, representing mixing between H\ and H® and ff°' and H®, respectively, 
violate the custodial SU(2). Imposing the conditions given in Ref. |l3j for the scalar potential 
to be invariant under a global SU(2)r causes the A, contributions of these last two terms to 
vanish|3 When k 2 = — v^^i the remaining contribution vanishes as well. 

Even if the custodial SU(2)-violating couplings are small, the mixing between the singlets 



and H® can be large if their masses are degenerate enoug' 



[1] G. Aad et al. [The ATLAS Collaboration] , larXm09QLQ512J [hep-ex]. 
[2] G. L. Bayatian et al. [CMS Collaboration], J. Phys. G 34, 995 (2007). 



7 The relevant conditions are A3 = V2A4, A5 = 2Xq, 2X7 = Ag + 2Aio, and 4A§ = Ag + Aio- 

8 The near-degenerate case was studied in a model with one doublet and one triplet in Ref. 26 1. 



19 



R. Barate et al. [LEP Working Group for Higgs boson searches and ALEPH, DELPHI, L3, 
and OPAL Collaborations], Phys. Lett. B 565, 61 (2003) [arXiv:hep-ex70306033 1 . 



J. Haller [The Gfitter group], arXiv: 1006.0003 [hep-ph]; for updated results see 
http : //www. cern. ch/gf itter. 

D. Zeppenfeld, R. Kinnunen, A. Nikitenko, and E. Richter-Was, in A. Djouadi et al, 



|arXiv:hep-ph /0002258; Phys. Rev. D 62, 013009 (2000) |arXiv:hep-ph /0002036 



A. Belyaev and L. Reina, JHEP 0208, 041 (2002) |arXiv:hep-ph/ 0205270 1 . 

M. Diihrssen, ATL-PHYS-2003-003, available from http : //cdsweb . cern. ch. 

M. Duhrssen, S. Heinemeyer, H. Logan, D. Rainwater, G. Weiglein and D. Zeppenfeld, Phys. 



Rev. D 70, 113009 (2004) |arXiv:hep- ph/0406323|. 

R. Lafaye, T. Plehn, M. Rauch, D. Zerwas and M. Duhrssen, JHEP 0908, 009 (2009) 
|arXiv:0904.3866l [hep-ph]]. 

H. Georgi and M. Machacek, Nucl. Phys. B 262, 463 (1985). 
M. S. Chanowitz and M. Golden, Phys. Lett. B 165, 105 (1985). 
J. F. Gunion, R. Vega and J. Wudka, Phys. Rev. D 42, 1673 (1990). 
J. F. Gunion, R. Vega and J. Wudka, Phys. Rev. D 43, 2322 (1991). 

J. F. Gunion, H. E. Haber, G. L. Kane and S. Dawson, The Higgs Hunter's Guide (Westview 
Press, Boulder, Colorado, 2000). 

C. Amsler et al. [Particle Data Group], Phys. Lett. B 667, 1 (2008). 
S. Chang, JHEP 0312, 057 (2003) |arXiv:hep-ph/0306034] . 

H. E. Haber and H. E. Logan, Phys. Rev. D 62, 015011 (2000) |arXiv:hep-ph /9909335| . 
C. Anastasiou, R. Boughezal and F. Petriello, JHEP 0904, 003 (2009) |arXiv:081 1.34581 [hep- 
ph]]. 

A. Djouadi, J. Kalinowski and M. Spira, Comput. Phys. Commun. 108, 56 (1998) 
|arXiv:hep-ph / 9704448 1 , code available from http://people.web.psi.ch/spira/hdecay/. 
T. Aaltonen et al. [The CDF and DO Collaborations], Phys. Rev. D 82, 011102 (2010) 
|arXiv:1005.32T6l [hep-ex]] . 



G. Azuelos et al, Eur. Phys. J. C 39S2, 13 (2005) |a rXiv:hep-ph/ 0402037j. 

S. Godfrey and K. Moats, Phys. Rev. D 81, 075026 (2010) [arXiv: 1003.30331 [hep-ph]]. 

T. Han, B. Mukhopadhyaya, Z. Si and K. Wang, Phys. Rev. D 76, 075013 (2007) 

|arXiv:0706.044T1 [hep-ph]]. 



20 



[24] E. Asakawa, S. Kanemura and J. Kanzaki, Phys. Rev. D 75, 075022 (2007) 
[arXiv:hep-ph/061227T] . 



[25] K. Desch [Higgs Working Group of the Extended ECFA/DESY Study], arXiv:hep-ph/0311092 



T. L. Barklow, arXiv:hep-ph/0312268 



[26] A. G. Akeroyd and C. W. Chiang, Phys. Rev. D 81, 115007 (2010) [a rXiv: 1003.37241 [hep-ph]]. 



21 



